Five strains of bacteria isolated from nodules of Caragana bicolor and Caragana erinacea in Yunnan Province of China were classified within the genus Mesorhizobium in the class Alphaproteobacteria. The highest degree of 16S rRNA gene sequence similarity was determined to be to Mesorhizobium loti LMG 6125 T (99.7 %) and Mesorhizobium ciceri UPM-Ca7 T (99.7 %).
Caragana is a genus of about 100 species of flowering plants in the family Leguminosae, native to north-eastern Europe, Russia, central Asia, the Himalayas and China. Members of this genus have been introduced into many regions in northern latitudes because of their remarkable cold-and drought-resistant properties and nitrogen-fixing ability. Approximately 70 species have been recorded in China and most of them grow on hills and in gullies, thickets, plains and plateaux (Zhang, 2005) . They are ecologically important because they serve as forage resources for wild animals and are preferred plants for use in reforestation against desertification and erosion (Fan et al., 2007; Su et al., 2005) . Most of the rhizobia associated with Caragana belong to the genus Mesorhizobium (Chen et al., 1995; Guan et al., 2008; Lu et al., 2009; Yan et al., 2007) and two species, Mesorhizobium tianshanense and Mesorhizobium caraganae, have been described so far (Chen et al., 1995; Guan et al., 2008) .
During the study of rhizobia nodulating Caragana species from three different regions of China, 144 strains (of a total of 174) were characterized and classified in the genus Mesorhizobium based on 16S rRNA gene sequence analysis, BOX-PCR fingerprinting and SDS-PAGE profiles of wholecell soluble proteins (Lu et al., 2009) . Five of the isolates from nodules of Caragana bicolor and Caragana erinacea grown in Yunnan Province of China exhibited distinct characteristics and differed from the known species of Mesorhizobium. Therefore, in the present study these five strains were analysed further and compared with the species within the genus Mesorhizobium on the basis of phenotypic, genotypic, phylogenetic and symbiotic characteristics to determine their species status.
Rhizobia isolated from root nodules were purified by a standard procedure on YMA medium (Vincent, 1970) , and isolates were maintained on YMA (Vincent, 1970) at 4 u C for temporary storage and in 20 % glycerol at 270 u C for long-term storage.
Approximately 1350 bp of the 16S rRNA gene was amplified and sequenced for each of the five strains using primers P1 and P6 according to the procedure of Tan et al. (1997) . The sequences were aligned with those of related Mesorhizobium species using the CLUSTAL W program in the MEGA 4.0 software package (Tamura et al., 2007) . Aligned sequences were analysed by using the MEGA software to produce a Jukes-Cantor distance (Jukes & Cantor, 1969) and to construct an optimal unrooted tree using the neighbour-joining (NJ) (Saitou & Nei, 1987) method and maximum-parsimony (MP). The robustness of the tree topology was calculated from bootstrap analysis using 1000 replications of the sequences (Felsenstein, 1985) . All five strains had identical 16S rRNA gene sequences that were closely related to those of M. loti LMG 6125
T and M. ciceri UPM-Ca7 T , with 99.7 % similarity (Supplementary Table  S1 available in IJSEM Online). Percentages of 16S rRNA gene sequence similarity between the new isolates and the type strains of species of the genus Mesorhizobium, where values are higher than 97 %, are shown in Supplementary  Table S1 . Relationships revealed by two cluster methods (NJ and MP) were similar and the NJ tree is shown in Fig. 1a .
All five strains and the closely related reference strains of Mesorhizobium species were subjected to SDS-PAGE analysis of whole-cell soluble proteins, as described previously (Tan et al., 1997) . The normalized densitometric traces of the electrophoretic protein patterns were grouped using the Gelcompar II software package (Applied Maths). The similarity between each pair of samples (strains) was expressed by using the Dice coefficient and a UPGMA dendrogram was reconstructed (Vauterin & Vauterin, 1992) . The strikingly similar protein patterns observed among the five novel strains indicated their considerable homogeneity ( Supplementary Fig. S1 ). However, they were not clones, because they were isolated from different sampling sites and different species of Caragana (Table 1) . Comparison of the protein patterns with those of other related Mesorhizobium species showed that these were not similar to the new group ( Supplementary Fig. S1 ).
Sequence analyses included housekeeping genes atpD (encoding ATP synthase beta subunit, approx. 510 bp) and recA (homologous recombination protein A, approx. 530 bp), amplified according to Gaunt et al. (2001) , and a 660 bp intragenic fragment of glnII amplified according to Turner & Young (2000) . NJ trees of these genes (Fig. 1b-d) showed that the groupings and precise branching patterns in these trees were similar, but not entirely consistent with those based on the 16S rRNA gene. The five novel strains have highly similar or identical atpD, recA and glnII sequences, and sequence similarities with the most related Mesorhizobium species were clearly lower than those found among other accepted Mesorhizobium species (Supplementary Table S1 ).
The symbiotic genes (nod and nif) of rhizobia are adaptive genes that have, in many cases, an evolutionary history independent of the housekeeping genes .
Comparison of their phylogenies with those derived from housekeeping genes may reveal events of lateral gene transfer among rhizobial symbiotic genes Haukka et al., 1998; Liu et al., 2005) . In this study, partial sequences of the symbiotic genes nodC (approx. 900 bp) and nifH (approx. 760 bp) from the five novel strains were amplified by using primers (nodCF and nodCI, nifHF and nifHI) and PCR conditions described by Laguerre et al. (2001) . In the phylogenetic trees based on nodC and nifH genes ( Supplementary Fig. S2a, b) , the four novel strains isolated from C. bicolor had identical sequences, while strain CCBAU 65336 that was isolated from C. erinacea was a little different. Comparison of the phylogenetic trees reconstructed on the basis of housekeeping and symbiotic genes ( Fig. 1 and Fig. S2 ) demonstrated the different evolutionary histories of these genes and the close relationship between the symbiotic genes and their host plants suggested by Ueda et al. (1995) .
High similarities (.96.2 %; Supplementary Table S1) of symbiotic genes among the Caragana mesorhizobia and the type strains of Mesorhizobium temperatum, Mesorhizobium septentrionale and Mesorhizobium tianshanense indicate that they may have common host ranges, as suggested by Laguerre et al. (2001) and . To test whether the Caragana mesorhizobia share the same hosts as these three species, cross-inoculation tests between the above Mesorhizobium species and their original hosts were performed. Seed treatment and inoculation of Caragana species, Astragalus adsurgens and other common legumes were performed using the standard method of Vincent (1970) , except that seeds of Glycyrrhiza uralensis were firstly immersed in concentrated sulfuric acid for 4 h before surface-sterilization. Seedlings inoculated with different strains were grown in a greenhouse under natural daylight for 6 weeks. Non-inoculated control seedlings were cultured under the same conditions. The results confirmed that each of the five strains from Caragana and the three type strains (M. tianshanense, M. temperatum and M. septentrionale) could form effective nodules on the hosts Glycyrrhiza uralensis, Caragana microphylla, Caragana intermedia and Astragalus adsurgens. The representative strain CCBAU 65327 T of the novel Mesorhizobium group was further used for cross-nodulation tests with another 12 legume species. Results showed that Phaseolus vulgaris, Vigna unguiculata and Vigna radiata could nodulate with CCBAU 65327 T , while no nodules were found on the CCBAU 65327 
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As a standard method for species definition (Graham et al., 1991; Wayne et al., 1987) , DNA-DNA hybridization was performed between the representative strain CCBAU 65327
T and other strains in the group and reference strains with 16S rRNA gene sequence similarities higher than 97 %, using Marmur's method for total DNA isolation (Marmur, 1961) and the renaturation-rate technology described previously . All experiments were performed three times and mean DNA relatedness values are reported. In this experiment, the standard deviation varied from 2.31 to 7.16 % with a mean of 4.05 %. The results summarized in Supplementary Table S1 showed that the five Caragana rhizobial strains formed a genomic species sharing DNA relatedness greater than 88.5 %, while the DNA relatedness ranged from 9.5 to 27.5 % (Supplementary Table S1 ) between CCBAU 65327 T and reference strains for defined Mesorhizobium species, suggesting that the novel group was a distinct genomic species in the genus Mesorhizobium. The G+C content of DNA was measured using the thermal denaturation method of De Ley (1970) using Escherichia coli K-12 as standard. The G+C content range of the five strains was 60.82-61.59 mol%, and that of CCBAU 65327
T was found to be 61.37 mol% (T m ), which is within the range reported for Mesorhizobium (59-64 mol%) (Jarvis et al., 1997) .
Colony morphology of the isolates as well as morphology of Hucker's Gram-and Schaeffer-Fulton's spore-stained smears were examined. Phenotypic features of the novel group were determined in comparison with related Mesorhizobium species according to the method described by Gao et al. (1994) . Tested features included the utilization of sole carbon and nitrogen sources, resistance to antibiotics and chemical dyes, tolerance of NaCl and pH and temperature ranges for growth (Gao et al., 1994) . Biochemical tests including catalase and oxidase production, methyl red and Voges-Proskauer reactions and hydrolysis of casein, gelatin, starch, DNA and Tween 80 were performed according to Smibert & Krieg (1994) . Production of hydrogen sulfide from cysteine and production of indole from tryptophan were examined as described by Barrow & Feltham (2003) . Distinctive features of the novel group are shown in Table 2 and more features are presented in the subsequent description of the novel species.
Analysis of cellular fatty acids has become a useful method to characterize and identify microbes, especially in the study of Mesorhizobium species (Schutter & Dick, 2000; Tighe et al., 2000) . In this study, the strains were grown on YMA medium (pH 7.0) for 72 h at 28 u C and then approximately 40 mg well-grown cells was harvested. The extraction, preparation and separation of fatty acid methyl esters for strain CCBAU 65327 T were performed according to methods described by Sasser (1990) . Identification of these fatty acid methyl esters was completed using the MIDI Sherlock Microbial Identification System. The comparison of fatty acid profiles between CCBAU 65327 T and the other defined Mesorhizobium species (including the most recently described species Mesorhizobium caraganae, Mesorhizobium gobiense and Mesorhizobium tarimense) is shown in Supplementary was clearly placed in the genus Mesorhizobium because it lacked C 20 : 3 v6,9,12c and summed feature 3 (same as summed feature 2 in this study, referring to C 12 : 0 , unknown ECL 10.928, iso-C 16 : 1 1 and/or C 14 : 0 3-OH; Supplementary  Table S2 ) and possessed iso-C 17 : 0 fatty acids (Tighe et al., 2000) . Strain CCBAU 65327 T could be distinguished from the other Mesorhizobium species because it contained a higher concentration of C 19 : 0 cyclo v8c.
Based on the results obtained in this study, we believe that the five strains represent a novel species in the genus Mesorhizobium that could be differentiated by SDS-PAGE of cellular soluble proteins, fatty acid profiles, phenotypic characteristics, DNA relatedness and sequencing of atpD, glnII, recA, nodC and nifH genes. As a result, we propose the name Mesorhizobium shangrilense sp. nov. for this group with CCBAU 65327 T as type strain.
Description of Mesorhizobium shangrilense sp. nov.
Mesorhizobium shangrilense (shan.gri.len9se. N.L. neut. adj. shangrilense pertaining to Shangri-La, the name of the area covering the sites where the first strains were isolated).
Gram-stain-negative, aerobic, non-spore-forming rods, 0.3-0.6 mm wide by 1-3 mm long. Colonies on YMA medium are circular, convex, white, opaque and usually 1-2 mm in diameter after 5-7 days at 28 u C. Growth occurs between 10 and 37 u C with an optimum at 28 u C. The pH range is 5-10 with an optimum at pH 7.0. Can grow on YMA in the presence of 3 % NaCl. + + 2 2 + Erythromycin (50 mg ml 21 ) 2 + 2 2 2 Chloramphenicol (5 mg ml 21 ) + 2 + + + Bismarck brown (0.1 %) 2 2 + 2 + Erythrosine bluish (0.1 %) 2 + 2 2 2 Sodium deoxycholate (0.1 %) 2 + + + + Growth in/at: NaCl (2 %) + 2 + + 2 NaCl (3 %) + 2 2 2 2 pH 9.0 + 2 + + 2 pH 10.0 + 2 + + 2 Y. L. Lu and others
